The evaporation of a drop deposited on a heated substrate is a complex process, which combines several phenomena such as the Marangoni effect, mass and thermal transfers, etc. We developed, in this paper, a mathematical model and a numerical simulation code used to carry out an in-depth study about the evaporation of a drop deposited on a heated substrate surrounded by air. This numerical study was supported by experimental work. The numerical findings obtained showed the existence of a condensation phenomenon for certain configurations. At the beginning of the experiment, the evaporation started at the triple point. However, a local region of the interface remained relatively cold. In this region, the concentration gradient (C v , C sat ) directed from the liquid-gas interface to the air resulted in condensation of water steam. Although this phenomenon is temporary and visible only at the start of evaporation process, its study makes it possible to better understand and optimize the evaporation kinetics.
Introduction
Evaporation of a droplet is used in various applications, such as spray drying, DNA mapping [1] , combustion engineering [2, 3] and cooling system [4] , etc. The modeling of sessile droplet evaporation can be carried out by applying various approaches. In fact, several authors considered only the mass and heat transfers and the flow in the droplets. Other works improved the model by taking into account the diffusion in the air around the droplet (Table 1) .
In fact, the flow evaporated at the liquid-gas interface has been the subject of several works. For example, Dorra Khilifi et al. [5] studied experimentally the neighborhood effect on the evaporation of a water drop. By carrying this study, they proved that the total evaporation of drops, which were close to each other, was noticeable minimized, compared to that of a single drop. This reduction was mainly due to the increase of the humidity in the vicinity of the liquid-gas interface of the drops.
Diddens et al. 2017 [16] studied the case of a binary droplet (water + ethanol) and showed that the condensation could appear on the zones of the interface characterized by a weak liquid molar fraction. This will happen even in the case of a dry environment. This phenomenon was also mentioned by [17] in the case of falling film evaporation.
In this work, we developed a model that describes the evaporation of a droplet deposited on a substrate by considering the ambient air and its dynamic properties. Simulation results were compared with the results of experiments carried out under the same conditions, which allowed for calculation of the local flow at the liquidgas interface. In some parts of the interface and under specific conditions, this flow took on negative values, which resulted in condensation at the liquid-gas interface. Particular attention is paid to this phenomenon and the factors behind its appearance. [6] x x Numerical Finite Volume Mollaret [7] x x x Numerical Finite Element Widjaja [8] x x x Numerical Finite Element Strotos [9] x x x x Numerical Finite Volume Mabrouk [10] x x x x Numerical Finite Volume Semenov [11] x x x x Analytique Gui Lu [12] x x x Numerical Finite Volume Mabrouk [13] x x x Numerical Finite Volume Marcus [14] x x x Numerical Finite Element Kai Yang [15] x Figure 1 shows the physical domain, consisting of a liquid drop deposited on a solid substrate of silicon with thickness (e = 0.2 mm) and thermal conductivity . The evaporation is conducted at heating temperature T h = 80 °C, an ambient temperature T 0 = 22 °C, relative humidity H = 50 % and initial contact angle A liquid droplet of radius R is evaporated in a constant contact line mode characterized by a decrease in contact angle and the pinning of the contact line. During the evaporation, the liquid-gas interface moves down following the normal vector n for the drop surface.
Mathematical model
Initially, the drop has the shape of a half sphere because the surface tension σ dominates gravity and the contact radius R = 1.5 mm. Saturated vapor after the evaporation at the liquid-gas interface is transferred by diffusion into the moist air.
We admit that the problem is two-dimensional and symmetric. It is modeled in a cylindrical coordinates system (r, z).
Two-dimensional transport in the drop is made by convection and conduction. Outside of the drop, the heat and mass transfer are performed by conduction and diffusion, by taking into account the convection in the air, and for the substrate heat conduction is taken into consideration.
ALE Formulation
In this study, we adopt the ALE formulation (Arbitrary Lagrangian Eulerian Method) to model the movement of the gas-liquid interface. The ALE technique, based on the deformed mesh method, is an intermediate method between the Lagrangian method (the mesh following the movement of fluid particles) and the Eulerian method (fixing the mesh and associating a velocity droplet vector with each point). The ALE method combines the best components of the Lagrangian and Eulerian methods allowing to have mobile frontiers without moving the mesh. In this method, we introduce a third coordinate and partial differential equations are formulated in the grid coordinate system. Thus, there are three coordinate systems, one related to space (x), another related to the domain (X), and the other is linked to the mesh (X m ). Therefore, the velocities are defined, u (X, t) in the area and u (X m , t) in the mesh [15] :
A convective velocity is thus introduced: u c = u (X,t)u (X m ,t) (2) In the conservation equations, u (X m ,t) is the flow velocity. In the advection term, the velocity is denoted as u c [15] . In the rest, and to lighten the writing of the conservation equations, the velocity u (X m ,t) is denoted as u. 
System of equations
The general equations describing the system are the Navier-Stokes equations, continuity and energy in the liquid and gas phases also the conduction equation in the solid phase and the diffusion equation in the gas phase:  Heat transfer equation in solid phase (substrate):
 N-S equations and continuity equation in liquid and gas phases:
] (4) (5)  Heat transfer equation in liquid and gas domain:
 Advection-diffusion equation in gas domain:
Initial conditions
At t = 0 s:
: in liquid domain (9)  : in solid domain (10)
Boundary conditions
The boundary conditions are applied at three locations: liquid-solid interface, liquid-gas interface and axis of symmetry. a) At the liquid-solid interface  (11)
c) At r = 0 (axisymmetric conditions are applied):
Gas-liquid interface conditions
 The balance of the constraints at the liquid-gas interface [15] ,
where and are the total constraint tensors in the liquid and gas phases, respectively, at the liquid-gas interface, is the normal at the interface, and is the force per surface unit owing to the surface tension [15] ,
is the surface gradient operator, ( ) (23) We can also represent the force f st by two components, normal and tangential directions of the boundary. So, the force balance, in respectively normal and tangential directions, is given by [15] ,
where is the curvature radius .and t is the tangential vector of the interface.
The right term in the above equation is the thermocapillary constraint owing to the temperature difference at the interface, which causes the Marangoni effect, with [15] ,
where is the surface tension at the temperature of the environment. The vapor is assumed to be saturated at the liquid-gas interface. An empirical relationship between and is employed to calculate the saturated vapor pressure at the interface (Rankine formula):
[ ] (27) This, in turn, is converted into vapor concentration at the liquid-gas interface using the ideal gas law,
The local mass loss of the liquid (i.e., local evaporation flux) is calculated from the vapor diffusion at the liquid-gas interface as [15] ,
is the molar mass of the liquid molecules. The mass balance at the liquid-gas interface can be expressed by [15] ,
The velocity of mesh , which is used as a boundary condition for mesh movement at the liquid-gas interface can be calculated as [15] ,
Although the temperature is continuous cross the liquid-gas interface, the thermal balance at the interface can be written in the following form [15] ,
3. Numerical procedure.
The simulation of the problem was achieved by using the calculating code COMSOL Multiphysics Version 4.2b. This code offers the ability to track, the gas-liquid interface of the droplet over time when the liquid domain deforms and narrows following the process of evaporation. Fig.2 shows the typical mesh adopted in this study. The mesh is narrowed mainly at the borders especially along the liquid interfaces. The numerical difficulty of the problem lies in having to simulating a physical problem characterized by a variable interface in time and space. The deformed mesh method is implemented with the Comsol code. It is convenient for cases where boundaries move as a function of time. The idea of the method is not to generate a new mesh for each border configuration, but just to disrupt nods mesh to adopt to the displaced mesh. Fig.2 . Typical mesh in the drop and its vicinity 4. Results
Validation
In their study [15] , Yang et al. studied the variations in the relative difference of the average temperatures at the liquid-gas interface during specific times. They showed that a quasi-stationary regime is established after for an initial contact angle . The present model allowed this result under the following conditions: initial angle , ambient temperature = = 25 ° C and humidity H = 38 %. The curve in Fig. 3 shows a comparison with this study and indicates good quantitative agreement. 
Description of the phenomenon of condensation
We studied the evaporation of a droplet of liquid deposited on a heated substrate ( Fig.4 ) that resulted from a mass flow at the interface generated by the concentration gradient. However, the direction of this flow depended on that of the mass gradient, according to Fick's law:
If the concentration of water steam in the air around the immediate vicinity of the liquid-gas interface was greater than that at the liquid-gas interface, according to equation (33), a motion of water steam particles towards the liquid-gas interface is observed. This phenomenon clearly observed in our study is called condensation.
The curves presented in Figs.4 (a) and (b) show the temperature and concentration variations, respectively, at the liquid-gas interface for different times at a heating temperature T h = 80 ° C.
These curves demonstrate two phenomena:  A first area is located between the triple point and a point at the liquid-gas interface that varies with the time. It is characterized by a decrease in the temperature and concentration curves. 
A second region representing the transition area is characterized by relatively constant values of temperature and concentration.
At the beginning of heating (curves relative to the instants and ), we observe that temperature decreases rapidly from the triple point to a transition zone from which the temperature becomes more or less constant to the top of the drop.
As a function of the progress of the heating time (from ), and after the phenomena of diffusion and convection in the droplet, we notice a partial thermal homogenization at the interface of the droplet. Therefore, the slope of the temperature from the triple point becomes less important, and the transition zone moves toward the triple point. These phenomena are almost similar on the curves of the evolution saturation concentration ( Fig.5 (b) ) at the interface. Figure 5 demonstrates the temporal variation of the evaporated local flux at the liquid-vapor interface. The represented curves show the negative values of the evaporated local flux (m ev < 0), which proves the appearance of condensation on an area of the liquid-vapor interface. This same result was obtained also by Diddens et al. [16] in the case of binary droplets (water + ethanol).
Besides, from Figure 5 , we conclude that, depending on the progress of the heating time, the area of condensation moves towards the triple point of the drop and this phenomenon becomes more and more negligible.
To explain the appearance of condensation at the beginning of our experiments, we represent the variations of temperature and concentration as a function of time (Figs 6 (c) and (d)): i) in an area of the liquidgas interface, which presents the condensation zone, and ii) in the air around the immediate vicinity of the condensation zone. Yang [15] Present study
These figures show that, at the start of evaporation (t = 0.1 s and t = 0.3 s), the temperature and concentration in the air around the condensation zone are greater than those in the condensation zone, which produces temperature gradient (T v , T sat ) and concentration gradient (C v , C sat ) towards humid air. Obviously, temperature and concentration gradients decrease over time until they become negligible at t = 0.8 s. the air carried on by the flow.
Indeed, at the beginning of the experiment, the evaporation started at the triple point, while a local region of the liquid-gas interface remained relatively cold. The vicinity is characterized by humid air carried on by the flow, as shown in Figure 7 . We note that the temperature and concentration of this humid air were higher than those of a region of liquid-gas interface. Thus, a concentration gradient, directed from the liquid-gas interface to the air, was observed in this region. The concentration gradient resulted in an evaporation flux in the opposite direction in accordance with Fick's law (equation 33); this phenomenon, called condensation, disappeared at t = 0.8 s, as shown in Figure 5 , and was limited in time.
Indeed, the attenuation of condensation as a function of time could be due to the internal convective circulation of water in the drop (Figure 7) , which, together with thermal diffusion, accelerated both temperature homogenization at liquid-gas interface and consequently as well as the attenuation of both temperature gradient (T v , T sat ) and concentration gradient (C v , C sat ): condensation engine. It is worth-noting that these zones of condensation correspond to the transition points of the curves representing the variation of the temperature and the concentration at liquid-gas interface (Figure 4 ). The transition point « c » is the point closest to the triple point and is characterized by a low-temperature value and therefore a low saturation concentration value. This condition favors the condensation in point « c ». Indeed, the transition point, denoted by « c », corresponds to the condensation maximum point. Figure 8 depicts the evolution of the position of the maximum condensation point at the liquid-gas interface. It is possible to follow the displacement of the condensation zone by the displacement of the max condensation point c at the interface liquid-gas. In fact, the movement of the condensation zone towards the triple point over time can be explained by the localized heating of the surface on which the condensation occurs. Thus, the condensation must extend to more adequate area from the viewpoint of proximity and temperature deviation from the hottest triple point. 
Experimental Study
We are interested, in this section, in investigating experimentally the evaporation of the water drop deposited on a heated substrate and more specifically in examining the existence of condensation phenomenon. Considering the experimental difficulty of measuring the condensation local flow, we describe condensation by showing, at the beginning of the experiment, the appearance of a significant temperature gradient at the liquidgas interface, which is the engine of condensation.
Experimental setup
The glass substrate was placed in a vapor chamber (14 x 12.4 x 7.5 ) in which the ambient temperature and relative humidity could be controlled and set to 22 °C and 40 % respectively ( Fig.9) . A droplet of water of volume 0.9 µl was deposited on a heated glass substrate (T h = 70 °C) by means of a programmable syringe (KD Scientific Legato 100), resulting in a deposit radius R of about 0.9 mm.
The air inside of the chamber is at rest. The top of the vapor chamber has a sapphire window for the infrared camera and a hole for passing the syringe. An infrared camera (FLIR X6580SC, 640 × 512 pixels, 15 μm detector pitch) is installed on the top for infrared thermal mapping and visualization of thermal instabilities on the surface of the droplets. A Kruss Drop Shape Analyzer is used to measure the contact angle, volume, diameter, and height of the sessile droplets during evaporation. A side-view CCD camera (Allie Vision Technologies, 780 × 580 pixels) records the evaporation process of the droplets for profile analysis. Fig.9 . Schema of the experimental setup
Experimental results
In this section, we study the thermal behavior of the droplet at the beginning of the evaporation. The objective of this study consists in representing the important temperature gradient at the liquid-gas interface just at the start of evaporation process (in the first milliseconds). Figure 10 illustrates the variation of the temperature at the liquid-gas interface for different times at a heating temperature T h = 70 ° C. Figure 11 demonstrates the evolution of the temperature difference (ΔT) over time at the liquid-gas interface between the triple point and the transition point c at which the temperature becomes more or less constant to the top of drop.
At the start of the heating process (curves at times 0.2s and 0.3s), a large temperature difference was observed at the liquid-gas interface from the triple point to a transition point c. As a function of the progress of the heating time, the slope of the temperature from the triple point became considerably less important, which reflects the evolution of the saturation concentration along the interface. In addition, from Figures 10 and 12 , we notice that, depending on the progress of the heating time, the transition point « c » of the curves representing the variation of the temperature at liquid-gas interface moves towards the triple point of the drop, which was proved in the simulation part. The transition point « c » is the point closest to the triple point and is characterized by a low-temperature value and therefore a low saturation concentration value. This condition favors the condensation in point « c ». Indeed, the transition point, denoted by « c », corresponds to the condensation maximum point. Figure 13 represents the process of water drop evaporation over time. At the beginning of this process (Figure (f) ), the images of instants 0.2s, 0.3s and 0.6 s show a very important temperature gradient at the liquidgas interface. In these first milliseconds, we clearly observe the internal convective circulation of water in the drop (Marangoni intense temperature). The direction of the movement is represented by arrows on the images of 0.2 s. This temperature difference, especially through its effect on mass gradient, can be considered as the main factor of condensation phenomenon, which was explained in the simulation part. homogenization on the drop liquid-gas interface and consequently the condensation total disappearance. This figure confirms the results previously presented in Figure 10 and Figure 11 .
In this part, the experimental results are compared with the numerical ones; for an initial contact angle of 65 ° (glass substrate), heating temperature = 70 °C, ambient temperature = 22 °C, relative humidity H = 40 % and diameter of the radius R = 0.9 mm. Figure 14 shows a comparison between the results of the simulations and those of the experiments; for the variation in temperature difference (ΔT) over time at liquid-gas interface between the triple point and the transition point c. The difference in temperature is more important during the interval of time [0 -0.6 s]. Then, it remains constant. This is the interval of time where condensation occurs.
A second comparison is proposed in Figure 15 
Conclusion
In this work, we describe numerically and experimentally the phenomenon of condensation in the beginning of evaporation ( ) of a droplet deposited on a heated substrate. The condensation is a transient and short-lived phenomenon that appears at the early stage of evaporation of the droplet. This phenomenon resulted from:
• The appearance of a significant temperature gradient throughout the liquid-gas interface just at the beginning of the experiments.
• The movement of water vapor produced at the triple point (meaning Marangoni). Moreover, we revealed that the condensation area decreases and becomes closer to the triple point as a function of time.
The obtained results helped to better understand the kinetics of droplet evaporation. In addition, in some industrial applications, condensation is perceived as delaying evaporation. Thus, a more adequate distribution of the heating between the droplet and the substrate to reduce energy consumption needed during the evaporation process. Nomenclatures 
